Cerenkov generation of high-frequency confined acoustic phonons in quantum wells 
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We analyze the Cerenkov emission of high-frequency confined acoustic phonons by drifting electrons 
in a quantum well. We find that the electron drift can cause strong phonon amplification (genera- 
tion) . A general formula for the gain coefficient a is obtained as a function of the phonon frequency 
and the structure parameters. The gain coefficient increases sharply in the short-wave region. For 
the example of a Si/ SiGe/ Si device it is shown that the amplification coefficients of the order of 
hundreds of cm~^ can be achieved in the sub-THz frequency range. 

PACS numbers 72.20, 68.65. +g, 63.20.Kr, 63.22. -^m 



High-frequency lattice vibrations with a high degree of 
spatial and temporal coherence have been observed for 
a number of semiconductor materials and heterostruc- 
tures. These includft,Sji, Ge, GaAs as well as SiGe and Al- 
GaAs superlattices.Ela These studies provide information 
on excitation mechanisms for the coherent phonons, their 
dynamics, electron-phonon interaction, and other impor- 
tant phenomena, including phonon control of the ionic 
motionE Intense coherent phonon waves can be exploited 
for various applications: terahertz modulation of light, 
generation of high frequency electric oscillations, nonde- 
structive testing of microstructures, etc. Usually, both 
optical and acoustic high-frequency cohereHt phonons are 
excited optically by ultrafast laser pulses JJ'B The develop- 
ment of electrical methods of coherent phonon generation 
is an important problem. 
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FIG. 1. (a) The analyzed hcterostructure. (b) Distribu- 
tions of the displacements Wx and Wz across the structure for 
the SSV mode calculated at amax (see Fig. 2.) 



An electric current flowing though a semiconductor can 
produce high-frequency coherent acoustic phonons. Two 
distinct cases are possible. If the current results from 
transitions of carriers between bound electron states, co- 
herent phonon generation can occur if there is a pop- 
ulation inversion between these states. Hopping verti- 
cal transport in superlattices and three barrier struc- 
tures provides examples of mechanisms for the establish- 
ment of a population inversion and for stirtmlated gen- 
eration of terahertz phononscl and plasmonsjj If the cur- 
rent is due to free electron motion in an electric field, 
phonon amplification (generation) can be achieved via 
the Cherenkov effect if the electron drift velocity ex- 
ceeds the velocity, of sound. This effect is well-known 
for bulk samples.Q High drift velocities and large den- 
sities of electrons are necessary for practical use of the 
Cerenkov effect. Advanced technology of semiconductor 
heterostructures opens new possibilities to employ this ef- 
fect for high-frequency phonon generation. Indeed, such 
phenomena as high electron mobility at large electron 
density and phonon confinement in a quantum well (QW) 
can greatly facilitate achieving phonon amplification and 
generation by electron drift. In this letter, we analyze the 
generation of high-frequency confined acoustic phonons 
under the electron drift in a QW layer. 

Consider a symmetric hcterostructure shown in Fig. ^, 
(a) with electrons confined in the layer A of thickness 2d. 
Assuming isotropic elastic properties for both semicon- 
ductors A and B one can introduce the longitudinal, Vla 
and Vlb, and transverse, VtA and Vtb, sound veloci- 
ties. If Vta < Vtb, Vla, Vlb, then localizationjjif acous- 
tic waves near the embedded layer will occur .lIEI These 
localized waves propagate along the layer and decay out- 
side it. There are two classes of the localized waves: 
the shear-horizontal (SH) waves with the displacement 
vector u = (0,Uy,0), and the shear-vertical (SV) waves 
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with the displacement vector: u = {ux,0-,Uz). Disper- 
sion relations for each class of waves are represented by 
a set of branches uj — Ljo^{q), with u) and q being the 
wave frequency and wave vector, v is an integer. For 
a given v, localization of the waves depends on q. Let 
Uu,q{x, z,^ — Wi,,g(z)e*^*^^~"^'^ be solutions of the elastic 
equationaJ describing the localized waves. Solutions with 
different "quantum numbers" {v,q} are orthogonal. We 
normalize the solutions by imposing the condition that 
the {v, q} wave has an elastic energy equal to fioj^^q. The 
set of such solutions (modes) allows one to quantize the 
lattice vibrations, introduce confined phonons and ana- 
lyze processes of absorption and emission of the phonons. 

Consider the interaction of a localized mode with elec- 
trons assuming that a) only the lowest two-dimensional 
electron subband is populated and b) presence of higher 
subbands can be ignored. Then, setting the area of the 
layer equal to 1, the electron wavefunctions have the form 
z) = e'^'^xi'^) i where k is the two-dimensional elec- 
tron wavevector. We suppose that electrons interact with 
phonons via the deformation potential (DP); thus, the 
energy of this interaction is H — b div it, where b is the 
DP constant. Then the probability of transition between 
electron states k and k' due to emission or absorption of 
a confined phonon {j^, 9} is 

p(^Hk,k'W,q) = ^ \M{q)\' [tV,,, + ^ ± ^) S,^^q,,, 



Eik) - E{k') T nu;,,q F{k) 1 - F(fc') , (1) 



where M(q) is the matrix element: 



Miq) 



dtviw,^q)xi{z)dz] /K^\q), (2) 



N^^q is the phonon number of the mode, and F{k) = 
F[kx, ky] is the electron distribution function. In Eq. (|l|) 
the upper signs correspond to emission, and the lower 
ones correspond to absorption processes. We take into 
account the effect of electron screening of the DP by 
introducing the electron permittivity :Ej nf^'^^^q) = 1 + 
2-Ke^dA{q)B{qd) / K. Here, A{q) is the polarization oper- 
ator of two-dimensional electrons: 



A{q) = -2Y^ 



F{k) - F{k - q) 



e E{k) - E{k - q) 



(3) 



where k is the dielectric constant and the factor B{s) is 



1 f^oc poo 

B{s) = - / dCdCx'mx'iCd) 

Now, we introduce the kinetic equation for the phonon 
number of the mode {^, q}: 



dN, 



dt 



^ - -fi+^ il+N,,q)- 7(-) TV,,, - P,,qN,^q , (4) 



where 7^.^^ are parameters which determine evolution of 
Ni, g in time due to the interaction with electrons. Both 
parameters can be found easily by calculating the total 
rates of emission and absorption of phonons of a given 
mode by the summation of Eq. (^ over all initial and fi- 
nal electron states. The parameter (3v^q describes phonon 
losses. They can include phonon scattering or phonon ab- 
sorption due to non-electronic mechanisms, phonon de- 
cay due to anharmonicity of the lattice, etc. In Eq. (^) 
the terms which correspond to stimulated processes can 

be represented by ^7^^^ - 7^^^^ N^,q = ^y^qN^^q , with 

the phonon increment (decrement) equal to 



ttTi q 



|M(g)|^(j(+)(g)-Z(-)(q) 



dkyF 



si9n{q) ^1 I ± -(?, ky 



h\q\ 



(5) 



(6) 



Here, m* is the effective mass. 

Depending on the shape of the electron distribution 
function, F[kx,ky\, the value ^^^q can be either posi- 
tive, or negative. If the phonon increment caused by the 
electron-phonon interaction is positive and, in addition, 
it exceeds phonon losses, ^^^q > fi^^q, the population of 
corresponding mode(s) should increase in time, i.e., we 
obtain the effect of phonon generation. 

One can introduce the amplification (absorption) co- 
efficient for the confined acoustic modes which describes 
the rate of increase in the acoustic wave intensity per unit 
length. We obtain the amplification coefficient via the 
phonon increment: a,,, = ^v^ql^g^ where Vg = Ajo^.q/dq 
is the group velocity of the wave. The signs of ^u,q and 
a^^q are determined by the factor (1^+^ — X'"^), which is 
to be calculated from the distribution function. This fac- 
tor can be interpreted as the difference in the populations 
of the electron states, which are involved in the processes 
of emission and absorption. If this factor is positive, one 
obtains a kind of "population inversion". 

We suppose that the electrons drift in an applied elec- 
tric field along the QW layer. Under the realistic as- 
sumption of strong electron-electron scattering, the dis- 
tribution function can be thought as the shifted Fermi 
distribution: 



F[k,,ky\^FF 



(7) 



where Fp{k) is the Fermi function, Vdr and T are the elec- 
tron drift velocity and temperature, respectively. From 
Eq. (|^) for phonons propagating along the electron flux 
(g > 0), we immediately find that 7, ^, a^^q > if the 
electron drift velocity exceeds the confined phonon phase 
velocity: Vdr > '^iy,q/\<l\ ■ This criterion is, in fact, t 
well-known condition of the Cerenkov generation effect 
If (7 < we always have j^^q , a^^q < 0. 
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Typically, both velocities, Vdr and ui^^q/\q\, are much 
less than the average electron velocity. This implies that 
there is a relatively small disturbance of the Fermi func- 
tion. Thus, to estimate "fi,^q and a^^q we will take into ac- 
count the shift in F\kx, ky]. While calculating the screen- 
ing effect [see Eq. (|)] we can neglect this shift and use 
just the Fermi function Fplk). The latter approximation 
finalizes the description of amplification of the confined 
phonons by the drifting electrons. 

Now we shall apply these results to confined phonons 
of different symmetry. It is easy to see that 
the deformation-potential interaction couples only SV 
phonons with electrons. One can show that the func- 
tions w^{z) and Wziz) always have different symmetry. 
We define the symmetric shear-vertical (SSV) modes as 
those with Wx{z) = Wxi—z) ,Wz{z) = —Wz{—z) and the 
antisymmetric ones with Wx{z) = —Wj:{—z),Wz{z) = 
Wz{—z). For a symmetric QW, the electrons are coupled 
with the SSV phonons. The displacement field distribu- 
tion for one of the confined SSV modes is presented in 
Fig. (b). 
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FIG. 2. The amplification coefficient versus frequency for 
two lowest SSV phonon branches. T= 50, 100, 200 and 300 
K. Increasing of T leads to decreasing of a at maximum. The 
values of u> and q which correspond to the maxima of a at 
T=50 K are indicated on the dispersion relations shown in 
the Insert. 

We have performed numerical calculations of the am- 
plification coefficient for different heterostructures. We 
have found that two effects contribute critically to am- 
plification: the phonon confinement effect through the 
matrix element of Eq. (H) and the nonequilibrium popu- 
lation of electron states through the factor — X^^^). 
For III — V and SiGe heterostructures, the acoustic mis- 
match is typically small and the lowest mode is an an- 
tisymmetric SV mode. Consequently, all SSV modes 
have finite frequency onsets. This determines two im- 
portant features: a low-frequency cut-off of the amplifi- 
cation and a nonmonotonous dependence of the matrix 
element M{q{u!)). The population factor of Eq. (||) hm- 
its phonon amplification at high frequencies. As a result. 



amplification band for each SSV phonon branch is rela- 
tively narrow. Two typical amplification bands are illus- 
trated in Fig. ||. These results are obtained for a p-doped 
Si/ Si,^Ge,c^/ Si structure. The heavy hole subband is the 
lowest one in the strained SiGe layer. We set d — bnm, 
the hole density is taken as lO^^cm^^ and the drift ve- 
locity is Vdr = 2.5Vta with Vta — 3.410^cm/s for the 
SiGe layer. One can see that amplification coefficient of 
the order of tens to hundreds cm~^ can be achieved for 
confined modes in the sub-THz frequency range. 

These values of a are well above unavoidable phonon 
losses due to the effects of anharmonicity and scatter- 
ing on isotopes, til The condition of phonon genera- 
tion in a single passage device, aL^ 3> 1, can be real- 
ized for reasonable extensions of the structure, L^. At 
the maximum of amplification, the phonon wavelength 
equals 160 A and the generated phonon flux is confined 
to a layer of thickness of about 200 A. Thus, a short- 
wavelength and highly-coUimated beam of the coherent 
phonons can be amplified and generated in perfect QW 
heterostructures. 

In conclusion, we have found that the drift of two- 
dimensional electrons can result in Cerenkov instability 
of the phonon subsystem: the phonon modes confined 
near the QW layer and propagating along the electron 
flux are amplified. The amplification coefficient for these 
modes has a sharp maximum in the sub-THz frequency 
range. The amplification coefficient can exceed hundreds 
of cm^^ for the mode almost confined within the QW 
layer. Our results suggest that a simple electrical method 
for generation of high-frequency coherent phonons can be 
developed on the basis of the Cerenkov effect. 
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